The evolution of the prokaryotic glutamine synthetase (GS) genes, namely the GSI and GSII isoforms, has been investigated using the second codon positions, which have previously proven to behave as a good molecular clock. Our data confirm the early divergence between prokaryotic and eukaryotic GSII before the splitting between plants and animals. The phylogenetic tree of the GSI isoforms shows Archaebacteria to be more closely related to Eubacteria than to Eukaryotes. This finding is confirmed by the phylogenetic analysis carried out on both large and small subunits of rRNA. However, differently from the rRNA analyses, Crenarchaeota and Euryarchaeota Archaebateria, as well as high-and low-GC gram-positive bacteria, appear to be polyphyletic. We provide evidence that the observed polyphyly of Archaebacteria might be only apparent, resulting from a gene duplication event preceding the split between Archaebacteria and Eubacteria and followed by the retention of only one isoform in the extant lineages. Both gram-negative bacteria and high-GC gram-positive bacteria, which appear closely related, have GS activity regulated by an adenylylation /deadenylylation mechanism. A lateral gene transfer from Archaebacteria to low-GC eubacteria is invoked to explain the observed polyphyly of gram-positive bacteria.
Introduction
Glutamine synthetase (GS), a pivotal enzyme for nitrogen metabolism, is found in at least three distinct forms. In the studies reported up to now, one of these forms, GSI, has been primarily associated with Prokaryotes, a second form, GSII, with Eukaryotes, and a third type, GSIII, has been recently found in the anaerobe Bacteroides fragiiis (Hill et al. 1989) and ButyriGbrioJibrisolvens (Goodman and Woods 1993) . These three types of enzymes are distinct in their primary as well as tertiary structures. GSI is made up of 12 identical subunits, arranged in two layers of 6. The active site, marked by a pair of Mn++ ions appears to be formed by two antiparallel p-structures, the one in the C domain of one subunit and the other in the N domain of the neighboring subunit (Yamashita et al. 1989) . GSII has eight subunits and GSIII six subunits. A fourth type, glnT, found in Rhizobium leguminosarum (Chiurazzi et al. 1992) ) is more related to bacterial GSI. The GSIII isoenzyme, much longer than GSI and GSII, cannot be aligned with these isoform enzymes even if some common conserved boxes are found. In some bacteria both the prokaryotic enzyme GSI and the eukaryotic enzyme GSII have been found.
In a previous paper (Pesole et al. 199 1 ), we demonstrated that GS behaves as an ideal molecular clock. By using the second codon positions of the GS enzymes, very reliable genetic distances between remotely related organisms can be obtained which also display ultrametricity. The sequences were analyzed by the stationary Markov clock (SMC) method devised in our laboratory (Lanave et al. 1984; Saccone et al. 1990 ) which allows a very accurate measurement of the distances between sequences. The calibration of the trees obtained in our previous studies showed that the divergence time between GSI and GSII is about 2,500 My. In addition, we demonstrated that the common ancestor of the GSII genes for plants and bacteria was more ancient than the divergence of animals and plants.
In this paper, we have extended our previous analyses; in particular, we have studied in detail the evolutionary behavior of the glutamine synthetase in Eubacteria and Archaebacteria in order to reach a deeper insight into the evolutionary history of prokaryotic organisms. The data obtained with the GS genes have been compared with those obtained using rRNA sequences. These studies relate to some important and controversial problems, in particular to the use of nucleic acid sequences for tracing phylogenetic relationships between organisms and the classification of life kingdoms. accuracy of the multiple alignment.
For this reason the multiple alignment generated by the computer has been carefully checked, by comparison with our previous alignment (Pesole et al. 199 1) and with known structural data (Yamashita et al. 1989) . It is striking to note that we obtained a degree of similarity between as distantly related genes as GSI and GSII significantly higher than reported by other authors (Tischer et al. 1986; Gupta and Golding 1993) . For instance, the degree of aminoacid similarity between human and Escherichia coli increases from 1 l%, reported by Gupta and Golding ( 1993) , to the 20.8%, based on our alignment. Figure 3 shows the phylogenetic tree on the nine GSII isoform enzymes. The split between eukaryotic and prokaryotic GSII dates back at 1,260 f 280 Mya. This result confirms our previous hypothesis (Pesole et al. 199 1) of an early divergence between eukaryotic and prokaryotic GSII, about 300 My before the splitting between plants and animals. GSII genes from gram-positives and gram-negatives cluster into two distinct groups, diverging 1,000 + 230 Mya.
In order to test whether both GSI and GSII genes are suitable for measuring the genetic distance between bacterial species, we compared their nucleotide substitution rates by using organisms for which both isoform gene sequences were available, namely Rhizobium leguminosarum, Frankia sp., and Streptomyces viridochromogenes. The large overlapping observed between the rate values, as a result of their standard deviations, calculated on both GSI and GSII, as shown in table 1: confortably supports the rate constancy hypothesis for the GSI and GSII isoforms at the level of the second codon positions.
The phylogeny of GSI genes is shown in figure 4 . The time scale has been calculated assuming the substitution rate, 2.2 l lo-" subs/site-year, observed at the second codon positions of GSII isoenzymes. It is noteworthy that all gram-negative bacteria cluster togethex whereas gram-positives are split in two distinct groups. the one more closely related to cyanobacteria, gramnegative bacteria and to the archaebacterium SuZfolobuJ solfataricus, containing high-GC species, the other containing low-GC species more akin to the remaining Archaebacteria, namely Methanococcus voltae, Pyrococcus woesei, and Haloferax volcanii.
It is interesting to note that the same tree topology shown in figures 3-4 has been obtained by analyzing the encoded protein sequences with the program PROTDIST (Felsenstein 1993 ) . The tree depicting the relationships between GSI, GSII, and glnT is shown ir figure 5 in which the divergence between human and drosophila at 600 My has been used as calibration time
The glnT sequence of R. leguminosarum, the only avail. able, is clearly more closely related to the GSI genes from which it diverged 1,584 + 348 Mya. The split be tween GSI/glnT and GSII dates back at 2,484 + 570 Mya, in agreement with our previous analyses (Pesole et al. 199 1) . This remote time might correspond either to the divergence between prokaryotes and Eukaryotes or to a gene duplication event preceding the divergence between prokaryotes and Eukaryotes.
The Archaebacteria, despite other molecular analyses ( Woese 1987), appear to be polyphyletic (see below)
but all more closely related to Eubacterial GSI genes. This closer relationship between Archaebacteria and Eubacteria is cosupported by the evolutionary analyses carried out on the large and small ribosomal RNA subunit. Since rRNA genes are not stationary in their base composition, the phylogenetic trees shown in figures 6a-b have been inferred by applying the maximum-likelihood method. It is striking to note that both SSU and LSU rRNA give the same tree topology, with organisms clearly split into eukaryotic and prokaryotic clusters.
Discussion
In a previous paper we reported that GS enzymes behave as good clocks (Pesole et al. 199 1) . This stems from the fact that, according to the SMC method, by fixing as external input, a divergence time inferred from nonmolecular data between a couple of species, we were able to derive divergence times between distantly related organisms which agree with the morphological and paleontological data. For example, fixing the invertebratevertebrate distance at 600 Mya, we calculated the divergence between human and rodents at 75 Mya, which is remarkably in agreement with previous paleontological estimates. These results have been confirmed by other authors ( Kumada et al. 1993) .
This metronomic clocklike behavior is rather exceptional because normally it is limited to short time spans, as saturation phenomena or drift effects take place in longer divergence times. The genetic distances between GS enzymes were measured on the second codon positions of the sequences which proved to be stationary (e.g., display the same base composition, within the statistical fluctuations) in all species for both GSI and GSII as shown in figure 1.
As we pointed out, several times in our previous papers (Saccone et al. 1993 ) , the stationary condition of the nucleotide sequences is an important criterion to be fulfilled when nucleic acids are used as molecular clocks. It implies that no compositional bias arose during the evolution of the macromolecules in the different species under study, thus allowing us to assume that the rate matrix of nucleotide substitutions (i.e., the propensity of a given nucleotide to be changed into the other three) remained the same in all lineages. This is in turn a prerequisite for a molecular clock hypothesis. In our opinion, one of the reasons for such an exceptionally good clocklike behavior of these enzymes can reside in the lack of directional mutation pressure and in the homogeneous pattern of nucleotide substitutions along the entire gene at the level of the second codon positions as measured by our CONSTRAINT program (Pesole et al. 1992 ) (results not shown ) .
Our observation of the evolutionary rate constancy of the GS second codon positions was misinterpreted by Kumada et al. ( 1993) ) who inferred that we assumed it as being due to Darwinian selection. Actually, we as cribed such a phenomenon neither to neutral nor to the selective mutation forces. We only emphasized that the regular clocklike behavior occurred at the most constrained positions, whereas first and third codon positions evolved under clear directional mutation pressure (see fig. 1 ).
In this report, extending our previous studies tc other GS enzymes, in particular to the GS isoform: found in Eubacteria and Archaebacteria, we found that Archaebacteria appear always more closely related tc Eubacteria than to Eukaryotes.
The two phyla of Archaebacteria, namely Crenarchaeota and Euryarchaeota, appear very distantly related, in both GS and rRNA subunit analysis. However, the two groups appear to be monophyletic in the analysis of both large and small rRNA subunits, whereas in GS analyses they appear to tives GS are regulated by the adenylytation / deadenylylation system. Moreover, the distance between GSI and GSII isoforms, the former found in Eubacteria and Archaebacteria and the latter found in Eukaryotes and also in some bacteria, supports our previous data which date the origin of the bacterial GSII-type isoform before 1,000 Mya. This time might correspond to a possible horizontal transfer from Eubacteria to Eukaryotes that occurred before the splitting between plants and animals (Pesole et al. 199 1) or alternatively to the split between Prokaryotes and Eukaryotes (Kumada et al. 1993) , which thus should have occurred 1,260 f 280 Mya. We think the second hypothesis unlikely, as the divergence time between Eukaryotes and prokaryotes inferred from the SSU and LSU rRNA analysis is much higher, about 2,300 Mya, which in turn is in good agreement with the datation of the split between GSI and GSII at about 2,500 Mya and other nonmolecular considerations (Sogin 1991) .
It is intriguing to note (see fig. 4 ) that the root of the two clusters of GSI, the one containing gram-negative, high-GC gram-positive and Sulfolobus solfataricus and the other containing low-GC bacteria and the other three Archaebacteria, have exactly the same datation, about 1,100 Mya, thus suggesting that these two gene clusters probably originated from a single gene duplication event. In such a case the polyphyly of Archaebacteria as well as of gram-positive bacteria might be only apparent due to the peculiar story of the GS gene. This hypothesis is schematically represented in figure 7. After the duplication event, the two GS genes diverged independently and the extant organisms retained only one of the two forms. It should be considered that GS activity is regulated by a reversible mechanism of deadenylylation ( activation ) adenylylation ( deactivation ) in both gram-negative and high-GC gram-positive bacteria involving a tyrosine residue which is conserved in all the members of this cluster including S. solfataricus, whereas the tyrosine is not 'always conserved in the members of the other cluster whose GS activity is not regulated by adenylylation.
This hypothesis is further supported by a 25-30 aa region uniquely shared by gramnegative, high-GC gram-positive bacteria and S. so&-taricus (aa 139-165 in S. solfataricus; see fig. 2 ). We suggest that the gene duplication, about 1,300 Mya, originated two GS isoforms, one of which acquired the adenylylation regulation mechanism. We then will refer to the two GS isoforms as GSI( A+) and GSI( A-) depending on the cluster they belong to and on whether they contain adenylylation regulated genes. The unexpected close evolutionary relation between Methanococcus voltae and low-GC gram-positive bac- teria can be explained by a single lateral gene transfer from A4. voltae to the ancestor of low-GC gram-positive bacteria and Thermotoga maritima. This is in agreement with the data of Tiboni et al. ( 1993) . The closer relationship between Thermotoga and gram-positive bacteria conflicts with other molecular data ( Woese 1987) that show Thermotoga ancestral to both gram-positive and gram-negative bacteria. Indeed, morphological data (Cavalier-Smith 1992)) in agreement with ours, support a closer relationship between Thermotoga and grampositive bacteria than with gram-negative bacteria. Our data which show Eubacteria more closely related to Archaebacteria place the root of the universal tree of life in the eukaryotic line of descent and are in agreement with other evolutionary analyses carried out on DNA topoisomerase II ( Wyckoff et al. 1989 )) citrate synthase (Sutherland et al. 1990 ), HSP70 (Gupta and Golding 1993 ) , and glutamate dehydrogenase ( Benachenhou-Lahfa et al. 1993) . However, the two other possibilities are supported by other genes. In particular, EF-Tu and EF-G elongation factors (Iwabe et al. 1989 ), a-and P-subunits of ATPase (Gogarten et al. 1989; Tsutumi et al. 199 I) , and DNA-dependent RNA polyDownloaded from https://academic.oup.com/mbe/article-abstract/12/2/189/966350 by guest on 12 March 2019 merases (Zillig et al. 1989 ) show a closer relationship between Eukaryotes and Archaebacteria, whereas glyceraldehyde-3-phosphate dehydrogenase (Hensel et al. 1989 ) and malate dehydrogenase (Honka et al. 1990 ) show higher similarity between Eukaryotes and Eubacteria.
This discrepancy can be explained by the hypothesis put forward by Sogin ( 199 1 ) , who proposed that after the separation between the protoeukaryote and the protobacterium, from which Archaebacteria and Eubacteria arose, the protoeukaryote engulfed an archebacterium to form its nucleus. The subsequent endosymbiosis of an eubacterium to form eukaryotic organelles can explain the mosaic structure of eukaryotic genomes having both Eubacterial and Archaebacterial contributions. We would like to stress that when a phylogenetic tree is constructed from one gene for each species, the inferred phylogeny does not necessarily agree with species phylogeny. This is especially true if multiple gene transfers or gene duplications occur in the evolutionary history of the gene. In this context caution should be paid and as many genes as possible should be used before drawing definite conclusions on the phylogenetic relationships of species. On the other hand, it should be stressed that a clocklike behavior is necessary for a correct reconstruction of the story of the genes and then, if a correct evolutionary model is hypothesized, of the story of the organisms.
The classification we present here is based on the analyses of a pivotal enzyme, GS, as well as on the sequences of the two rRNA species. The results obtained are in a surprisingly good agreement and, under the molecular clock assumption, all support the classification of the living organisms into two superkingdoms.
